All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Medial hamstring lengthening in children with spastic paresis (SP) is commonly performed to increase the range of motion (ROM) of the knee, and thereby the ability of the child to extend the knee during walking \[[@pone.0192573.ref001]\]. Medial hamstring lengthening includes lengthening of the distal semitendinosus (ST) and gracilis tendons, as well as aponeurotomy of the semimembranosus muscle \[[@pone.0192573.ref002]--[@pone.0192573.ref004]\]. Medial hamstring lengthening as part of single-event multilevel surgery (SEMLS) is thought to contribute to correction of flexed knee gait \[[@pone.0192573.ref004]--[@pone.0192573.ref007]\].

However, the success rate is limited in some patients due to side effects of surgery (e.g. increased anterior pelvic tilt, and lumbar lordosis as well as hyperextension of the knee during gait) \[[@pone.0192573.ref004], [@pone.0192573.ref008]--[@pone.0192573.ref010]\]. These side effects are thought to be a consequence of over-lengthening and weakening of hamstring muscles \[[@pone.0192573.ref004], [@pone.0192573.ref009], [@pone.0192573.ref010]\]. In addition, persistence of flexed knee gait or even recurrence after initial success have been described \[[@pone.0192573.ref004], [@pone.0192573.ref009], [@pone.0192573.ref011]\]. Until now, little is known about the effects of hamstring lengthening on muscle morphology (i.e. muscle belly length, tendon length and muscle volume). Detailed insight in post-surgery adaptation and function of hamstring muscles around the knee may help to increase our understanding how effects of surgery on gait, and underlying musculoskeletal structures and functions are related. Such knowledge may provide indications for improvement of surgical intervention in children with SP.

The ST, one of the hamstring muscles, is presumed to contribute to ROM limitation of the knee in children with SP and its tendon is, therefore, frequently lengthened \[[@pone.0192573.ref002]--[@pone.0192573.ref004]\]. In children with SP, ST has been shown to have a shorter muscle belly and lower volume than in typically developing children \[[@pone.0192573.ref012]--[@pone.0192573.ref016]\]. Also stiffer fascicles, sarcomeres that operate at higher length, and lower muscle fiber cross-sectional area compared to typically developing children have been reported \[[@pone.0192573.ref017]\]. For the medial gastrocnemius muscle it has been shown that one year after aponeurotomy, fascicles as well muscle belly length were shorter, without a loss of muscle volume \[[@pone.0192573.ref018], [@pone.0192573.ref019]\]. How morphology of ST changes in response to surgical lengthening of the distal tendon is yet unknown.

The aims of this study were to assess the effects of medial hamstring lengthening on (1) knee joint mechanics (i.e. popliteal angle, minimal knee angle towards extension and knee moment-angle characteristics) (2) ST morphology and (3) gait kinematics. We hypothesized that a longer and more compliant tendon of ST after surgery would lead to a shift in knee moment-angle curve and a decreased popliteal angle, as well as a decrease in the slope of the knee moment-angle curve. As a consequence, the knee angle in mid-stance and terminal swing of gait would be more extended.

Methods {#sec002}
=======

The study was approved by the Medical Ethics Committees of the VU University Medical Center (VUmc), Amsterdam (The Netherlands) and of the University of Basel Children's Hospital (UKBB), Basel (Switzerland) and was registered in the Dutch and German trial register (NTR3042; DKRS00004723). All children and their parents gave written informed consent.

Study design {#sec003}
------------

In this prospective observational cohort study, we included children with SP who were scheduled for orthopaedic surgical lengthening of the muscle-tendon unit (MTU) of the medial hamstrings. Surgery was performed to increase the knee passive ROM and thereby improve gait function. Inclusion and exclusion criteria have been described recently \[[@pone.0192573.ref016]\] (for details, see [S1 Text](#pone.0192573.s004){ref-type="supplementary-material"}). All measurements were planned before first surgery and 12 months after hamstring lengthening surgery. Knee moment-angle characteristics and muscle morphology measurements were planned at six weeks, six months and 24 months after first surgery.

Medial hamstring lengthening {#sec004}
----------------------------

All children included were scheduled to undergo medial hamstring lengthening within a SEMLS or as a single procedure. Medial hamstring lengthening was performed distally by lengthening the ST and gracilis tendons by Z-plasty and the semimembranosus muscle by aponeurotomy \[[@pone.0192573.ref020]\]. In one of the two centers participating in the study (UKBB), it is common practice to perform the surgical medial hamstring lengthening three months prior to final SEMLS procedure \[[@pone.0192573.ref002]\]

Participants {#sec005}
------------

Children were included between September 2011 until May 2015 in the VUmc and UKBB. Initially, nine children (five females and four males; six children in the VUmc and three children in the UKBB) with a mean age of 14.1±2.7 years were included in the study \[[@pone.0192573.ref016]\]. From these nine children, three children (two females (UKBB) and one male (VUmc) were not included in the follow-up measurements and thus in the analysis of this study. The reasons were: one child eventually was not treated by surgically lengthening of the medial hamstring but was treated by distal femoral anterior guided growth (hemi-epiphysiodesis) combined with Botulinum toxin A injections into the hamstring muscles. Another child did not tolerate ultrasound measurements due to anxiety and unrest. For the third child there were planning issues. For three of the six children included in the follow-up measurements medial hamstring lengthening of the right leg was combined with hemi-epiphysiodesis, in two others with supracondylar extension osteotomy and one child did not have additional bony procedures of the right femur. For two of the six children, serious adverse events occurred after the surgery: (1) neuropathic pain after epidural pain management (subject 1) and (2) stage IV pressure ulcer (subject 6). The exact surgical procedures, adverse events as well as the rehabilitation program are described in supporting information ([S1 Table](#pone.0192573.s001){ref-type="supplementary-material"}).

Measurements {#sec006}
------------

### Patient characteristics and anthropometrics {#sec007}

Functional mobility level was classified by the Gross Motor Function Classification System (GMFCS) \[[@pone.0192573.ref021]\]. Body mass and body height were measured and body mass index (BMI) was calculated.

### Knee joint characteristics {#sec008}

Knee joint characteristics were determined for the right leg. The popliteal angle was measured according to Reimers \[[@pone.0192573.ref022]\]. The passive knee angle with the hip in 0° was measured using the neutral zero method \[[@pone.0192573.ref023]\]. For knee angle measurements, neutral position was defined as 0° with increasing knee angle towards knee flexion.

Knee moment-angle characteristics were measured at rest by instrumented hand-held dynamometry. The experimental setup and procedures have been described in detail previously \[[@pone.0192573.ref016], [@pone.0192573.ref024]\]. In brief, children were positioned on their left side, with the hip of the right (measured) leg at 70° flexion. The right lower leg was positioned on a low-friction moveable plate. The knee moment was assessed at various knee angles in steps of 5°. Knee moment and knee angles were measured only when muscle activity levels measured by surface electromyography of biceps femoris, gastrocnemius medialis, rectus femoris, and vastus lateralis muscles were absent or very low \[[@pone.0192573.ref016], [@pone.0192573.ref024]\]. Data were fitted by third order polynomial functions. Knee angles at 0, 0.5, 1, 2, 3 and 4 Nm were derived from the fitted curves \[[@pone.0192573.ref016], [@pone.0192573.ref024]\]. Range of knee angles between 0 and 4 Nm was calculated and referred to as range of motion (ROM~0-4Nm~).

### Measurements and analysis of morphological characteristic*s* {#sec009}

Muscle morphology of right ST was determined by freehand three-dimensional ultrasound (3D US). 3D US measurements, reconstruction and analysis method have previously been described in detail \[[@pone.0192573.ref016], [@pone.0192573.ref025]\]. US imaging was performed at three knee angles (i.e. at 65° and angles corresponding to 0 and 4 Nm knee moment).

Voxel arrays were anonymized for subjects, follow-up moment as well as for measurement condition (i.e. 0 Nm, 4 Nm, 65°) and analyzed in randomized order. To characterize ST morphology, (1) muscle-tendon unit length (ℓmtu), (2) muscle belly length (ℓm), (3) tendon length (ℓt~dist~) and (4) muscle belly volume were assessed. All length variables have been expressed as percentage of femur length (~norm~ %femur). Changes in ℓm~norm~ and ℓt~dist_norm~ from 0 to 4 Nm knee flexion moment were calculated (Δℓm~norm~, Δℓt~dist_norm~).

### Gait kinematics {#sec010}

Kinematic parameters were obtained by three-dimensional instrumented gait analysis. For gait analysis in VUmc, the methods have been described in detail previously \[[@pone.0192573.ref026]\]. In brief, a technical clusters of three markers were rigidly attached to the body segments and anatomically calibrated by probing bony landmarks. Segment movements were tracked using an optoelectronic motion capture system (Optotrak 3020, Northern Digital, Canada). The strides were analyzed using custom-made software (Bodymech, [www.bodymech.nl](http://www.bodymech.nl)). Joint and segment kinematics were calculated according to International Society of Biomechanics (ISB) anatomical frames \[[@pone.0192573.ref027]\]. One post-operative gait analysis was analyzed by a custom-made, open-source software package to simultaneously observe gait parameters and video recordings (the MoXie Viewer^®^, <http://moxie.smalll.eu/>). Details have been described previously \[[@pone.0192573.ref028]\]. For UKBB, reflective markers (14 mm diameter) were attached bilaterally to bony landmarks on the skin. The Helen Hayes Marker set \[[@pone.0192573.ref029]\] was used to model the lower body. Movements of the subjects were tracked by a VICON motion capture system (twelve MXT20 cameras, 200 Hz; Vicon. Oxford, UK). VICON-software was used for the pre-processing of the data.

Joint angles were time normalized to a gait cycle, defined as the time between two consecutive foot strikes of the same leg. The parameters of interest were segment/joint angles in the sagittal plane at mid-stance (30% gait cycle) and at terminal swing (99% gait cycle): pelvic tilt, hip angle and knee angle of the right leg.

Data treatment and statistics {#sec011}
-----------------------------

Follow-up measures--scheduled six weeks after surgery--could only be performed in four of the six children and were delayed. Also other scheduled measurements were postponed or canceled (for details see [S2 Table](#pone.0192573.s002){ref-type="supplementary-material"}). Due to these missing data, follow-up measurements were grouped in two time windows: (1) short-term follow-up (11--20 weeks after surgery) and (2) medium-term follow-up (8--20 months after surgery). Short-term follow-up for knee moment-angle characteristics and muscle morphology measurements were only assessed in four children. As subject 1 could not walk after surgery, no gait kinematics of this subject were included.

Paired T-tests were used to test for differences between baseline and the medium-term follow-up measures of anthropometric parameters, morphological characteristics at 65° knee angle, Δℓm~norm~, Δℓt~dist_norm~, muscle volumes and gait kinematics. To test for differences in morphological characteristics (at 0 and 4 Nm) at baseline and medium-term follow-up, repeated measures two-way ANOVA (factors: time x moment) was used. Differences in knee moment-angle characteristics (0, 0.5, 1, 2, 3 and 4 Nm) at the different time points were tested using repeated measures two-way ANOVA (factors: time x moment) with knee angle as independent factor. Differences in ROM~0-4Nm~ were tested by paired T-tests. Correlations were calculated by Pearson correlation coefficient (Pearson's r). Normal distribution was tested by Shapiro-Wilk test. If data were not normally distributed, which was the case for ℓt~dist~^*65deg*^~norm~ and muscle volume, non-parametric Related Samples Wilcoxon Signed Rank tests were used. For ANOVA, Greenhouse Geisser correction was used when the assumption of sphericity was violated. Data were presented as means±standard deviation (SD). The level of significance was set at 0.05.

Results {#sec012}
=======

Patient characteristics and anthropometrics {#sec013}
-------------------------------------------

Three boys and three girls were included in the follow-up measures with a mean age of 13 years and 10 months ([Table 1](#pone.0192573.t001){ref-type="table"}). From baseline to the medium-term follow-up measurements, body height and body mass increased by 6.0±4.3 cm and 4.2±2.5 kg, respectively (p = 0.019, p = 0.008, [Table 1](#pone.0192573.t001){ref-type="table"}), while BMI and femur length of the right leg did not change (p = 0.631, p = 0.580, [Table 1](#pone.0192573.t001){ref-type="table"}). After surgery, in all children GMFCS level remained unchanged except for one child. In this child (subject 1), GMFCS increased from level III to IV ([Table 1](#pone.0192573.t001){ref-type="table"}).

10.1371/journal.pone.0192573.t001

###### Clinical characteristics before and 8--20 months after medial hamstring lengthening.

Values are mean±standard deviation (range).

![](pone.0192573.t001){#pone.0192573.t001g}

                         Baseline                    Medium-term follow-up (8--20 months)   p
  ---------------------- --------------------------- -------------------------------------- -------
  Age (years)            13.8±2.7 (10.6--17.3)       14.8±2.8 (11.5--18.1)                  
  Gender (female/male)   3/3                                                                
  GMFCS                  2 x II; 4 x III             2 x II, 3 x III, 1 x IV                
  Body height (cm)       152.2±13.2 (136.0--176.0)   158.2±11.9 (144.0--179.0)              0.019
  Body mass (kg)         46.5±11.2 (27.0--61.0)      50.8±11.5 (31.0--66.0)                 0.008
  Femur length (cm)      35.3±3.6 (31.6--41.0)       35.5±3.6 (32.0--41.0)                  0.580
  BMI                    19.8±2.9 (46.6--23.2)       20.1±2.9 (15.0--23.9)                  0.631

Gross Motor Function Classification System (GMFCS); BMI = Body mass index,

Knee joint characteristics {#sec014}
--------------------------

Popliteal angle of the right leg decreased from 72±8° (range 60--80°) at baseline to 47±15° (range 30--70°) at medium-term follow-up (p = 0.017). Minimal passive knee angle towards extension of the right leg measured with the hip at 0° decreased from 29±12° (range 15--45°) at baseline to 10±11° (range 0--25°) at medium-term follow-up (p = 0.024).

For the four subjects (subject 1--4) for whom short-term follow-up measurements (i.e. 11--20 weeks after surgery) were obtained, ANOVA of the knee angle did not reveal any effect of time (p = 0.065). However, a significant interaction effect between time and net knee flexion moment was found (p = 0.046), indicating a change in the shape of the curve. This is most evident at low knee moments (between 0 and 1 Nm) at which the slope was less steep ([Fig 1A--1D](#pone.0192573.g001){ref-type="fig"}). The ROM~0-4Nm~ was 29±2° (range 27--31°) at baseline and 40±8° (range 28--46°) at short-term follow-up, but this difference was not significant (p = 0.100).

![Individual net knee moments as a function of knee angle of all six subjects.\
A: Subject 1; B: Subject 2; C: Subject 3; D: Subject 4; E: Subject 5; F: Subject 6; Squares (yellow): Baseline; Triangle (green): short- term follow-up 11--20 weeks after surgery (for 4 subjects A-D); Dots (red): Follow-up 8--20 months after surgery.](pone.0192573.g001){#pone.0192573.g001}

Medium-term follow-up measurements (8--20 months post-surgery) of knee moment-angle were assessed for the whole group of children. At baseline, knee angles ranged from 83±11° at 0 Nm knee flexion moment to 56±3° at 4 Nm. After surgery, knee angles ranged from 63±12° at 0 Nm net knee flexion moment to 41±17° at 4 Nm. Note that the variation in effect of surgery on the knee moment-angle curve was substantial ([Fig 1](#pone.0192573.g001){ref-type="fig"}). Repeated measures ANOVA revealed for the medium-term follow-up no effect of time on the knee angle (p = 0.080) and no interaction effect of time and net knee flexion moment (p = 0.768). The lack of interaction effect was supported by the observation that pre and post-surgery knee ROM~0-4Nm~ did not differ (Baseline: 28±5°; medium-term follow-up: 22±7°; p = 0.180). At medium-term follow-up, knee moment-angle curves for all subjects, except for one (subject 1) were shifted towards lower knee angles (i.e. a more extended knee, [Fig 1](#pone.0192573.g001){ref-type="fig"}). The largest curve shifts occured in children who had more flexed knees (i.e. higher knee angles) prior to the surgery (i.e. subject 2, [Fig 1B](#pone.0192573.g001){ref-type="fig"}; subject 3, [Fig 1C](#pone.0192573.g001){ref-type="fig"} and subject 6, [Fig 1F](#pone.0192573.g001){ref-type="fig"}).

For four subjects (subject 1--4), we could make comparisons between short-term and medium-term effects. No effect of time (p = 0.367), but a significant interaction effect between time and net knee flexion moment was found (p = 0.001). The knee ROM~0-4Nm~ in these four subjects changed from 40±8° at short- term follow-up to 24±9° at medium-term follow-up (p = 0.033), thus, back to baseline levels. These results indicate that at short-term folllow-up, mean slope of the knee moment-angle curve was decreased. However, at medium-term follow-up mean slope returned back towards baseline values.

Morphological characteristics of semitendinosus muscle {#sec015}
------------------------------------------------------

At baseline, we measured ℓmtu, ℓm, ℓt~dis~, muscle volume, fascicle length and volumes of the both ST compartments \[[@pone.0192573.ref016]\]. After surgery, however, fascicle length and proximal and distal muscle volume could only be estimated in two subjects because enhanced ultrasound echo intensity was leading to an inaccurate identification of tendinous inscription (see [Fig 2](#pone.0192573.g002){ref-type="fig"} for an example of decreased image quality after lengthening of ST tendon).

![Typical example of 3D ultrasound images and segmentation of muscle volume of a child with a spastic paresis before medial hamstring lengthening.\
Images before surgery (left, A1-C1) and 12 months after surgery (right, A2-C2). A: longitudinal view of semitendinosus muscle (ST) (proximal on the left side); B transversal view of ST at three locations (most proximal on left side; orientation is medial-lateral). Yellow: distal compartment of ST; red: proximal compartment of ST. C: Proximal (red) and distal (yellow) compartments after segmentation. After surgery, this child showed a reduction of muscle volume by 26%, muscle belly length decreased by 32% and tendon length increased by 62%, measured at a knee angle corresponding to 4 Nm knee moment. Note the post-surgical increase in ultrasound echo intensity (cf. A2 and A1), which complicated exact identification of structures, in particular the distal and proximal ends of the tendinous inscription. The tendinous inscription is indicated by a red arrow in A1 and A2.](pone.0192573.g002){#pone.0192573.g002}

Origin and insertion distance of ST muscle at a knee angle of 65° (ℓmtu^*65deg*^~norm~) increased by 11±8% between baseline and medium-term follow-up measurement ([Table 2](#pone.0192573.t002){ref-type="table"}). This increase was likely due to effects of bone surgery (i.e. hemi-epiphysiodesis and supracondylar extension osteotomy). Despite this increase in MTU length, muscle belly length at 65° knee angle (ℓm^*65deg*^ ~norm~) was decreased by 28±7%. In contrast, ℓt~dist~^*65deg*^ ~norm~ was increased by 77±26% after surgery ([Table 2](#pone.0192573.t002){ref-type="table"}, [Fig 3E & 3F](#pone.0192573.g003){ref-type="fig"}).

10.1371/journal.pone.0192573.t002

###### Morphological characteristics of semitendinosus muscle before and 8--20 months after medial hamstring lengthening (length variables as percentage of femur length (%femur) at 0 Nm (^*0Nm*^) and 4 Nm (^*4Nm*^) knee moment and 65 degree (^*65deg*^) knee angle.

![](pone.0192573.t002){#pone.0192573.t002g}

                            Baseline          Medium- term follow-up (8--20 months)   p
  ------------------------- ----------------- --------------------------------------- -------
  ℓmtu^*0Nm*^~norm~         115.6±7.1%femur   129.0±13.3%femur                        0.020
  ℓmtu^*4Nm*^~norm~         123.3±6.8%femur   135.8±11.6%femur                        
  Δℓmtu~norm~               7.7±3.4%femur     6.8±4.4%femur                           0.719
  ℓmtu^*65deg*^~norm~       118.9±4.3%femur   131.8±13.4%femur                        0.025
  ℓm^*0Nm*^~norm~           73.4±8.5%femur    52.8±7.1%femur                          0.000
  ℓm^*4Nm*^~norm~           78.0±8.1%femur    52.8±7.7%femur                          
  Δℓm~norm~                 4.6±3.0%femur     -0.1±4.4%femur                          0.008
  ℓm^*65deg*^~norm~         75.2±6.8%femur    54.4±7.6%femur                          0.000
  ℓt~dist~^*0Nm*^~norm~     42.2±4.3%femur    76.2±13.8%femur                         0.001
  ℓt~dist~ ^*4Nm*^~norm~    45.3±3.4%femur    83.0±9.6%femur                          
  Δℓt~dist_norm~            3.1±3.1%femur     6.8±7.8%femur                           0.216
  ℓt~dist~^*65deg*^~norm~   43.7±3.9%femur    77.3±12.9%femur                         0.028
  Muscle volume             34.8±19.7 cm^3^   19.5±16.1 cm^3^                         0.058

ℓmtu = length of muscle-tendon unit as the sum of ℓm and ℓt~dist~; ℓm = length muscle belly: ischial tuberostiy distal muscle tendinous junction; ℓt~dist~ = length of distal tendon; all length variables were expressed as % of femur length (~norm~).

![Individual effects of hamstring surgery on ST morphology.\
Muscle belly length and tendon length were measured at knee angles corresponding to 0 Nm (A, B), 4 Nm (C, D) and at 65° knee flexion angle (E, F). Muscle belly decreased after surgery, while tendon length increased. Time points used for statistical analysis are highlighted by red circles.](pone.0192573.g003){#pone.0192573.g003}

After surgery, ℓmtu~norm~ measured at net knee flexion moments of 0 Nm and 4 Nm were increased (i.e. 12±9% longer at 0 Nm and 10±7% at 4 Nm, [Table 2](#pone.0192573.t002){ref-type="table"}). Muscle belly lengths (ℓm~norm~) at 0 Nm and 4 Nm were decreased after surgery by 28±7% and by 33±6%, respectively ([Table 2](#pone.0192573.t002){ref-type="table"}; [Fig 2A & 2C](#pone.0192573.g002){ref-type="fig"}). Tendon length at 0 Nm (ℓt~dist_norm~) was increased by 83±43% and by 85±30% at 4 Nm ([Table 2](#pone.0192573.t002){ref-type="table"}; [Fig 2B & 2D](#pone.0192573.g002){ref-type="fig"}). For ℓm~norm~, a significant interaction effect was found between factors time (i.e. baseline and medium-term follow-up) and knee moment (p = 0.008). However, no such effect was found for ℓmtu~norm~ and ℓt~dist_norm~ (p = 0.719 and p = 0.216, respectively). These interaction effects were also indicated by a smaller Δℓm~norm~ at medium-term follow-up compared to that at baseline, while Δℓmtu~norm~ and Δℓt~dist_norm~ did not differ significantly ([Table 2](#pone.0192573.t002){ref-type="table"}).

In four of the six subjects muscle volume of ST decreased substantially between baseline and medium-term follow-up measurements. In one subject muscle volume decreased slightly and in one subject muscle volume was slightly increased ([S2 Table](#pone.0192573.s002){ref-type="supplementary-material"}). Overall an average 44% decrease was found, however this decrease did not reach significance (p = 0.075, [Table 2](#pone.0192573.t002){ref-type="table"}). The more pronounced decrease in muscle volume after medial hamstring lengthening compared to the decrease in muscle belly length, suggests that at medium-term follow up the physiological cross-sectional area (PCSA) of ST had reduced.

In successive follow-ups, for ℓm or ℓt~dist~ no changes towards values measured before surgery could be shown ([Fig 3](#pone.0192573.g003){ref-type="fig"}). Therefore, the observed recurrence of the steepness of the knee moment-angle curve between short-term and medium-term follow-up ([Fig 1](#pone.0192573.g001){ref-type="fig"}) does not seem to be explained by changes in ST morphology.

Gait kinematics {#sec016}
---------------

At baseline and medium-term follow-up, sagittal plane joint kinematics could be assessed in five out of six children ([S3 Table](#pone.0192573.s003){ref-type="supplementary-material"}). The knee was more extended during mid-stance and terminal swing, but pelvic anterior tilt was increased ([Fig 4](#pone.0192573.g004){ref-type="fig"}). While in all children, during mid-stance and terminal swing the knee was more extended and pelvic anterior tilt was increased, effects on the hip angle were variable. The hip was more extended in one child (subject 3), slightly more flexed (about 10°) in three children (subject 2, 4 and 5) and substantially more flexed in one child (subject 6) ([Fig 5](#pone.0192573.g005){ref-type="fig"}). A more extended knee joint during mid-stance and terminal swing correlated positively with a decrease in hip angle (i.e. more extended hip joint) (r = 0.954; p = 0.012 and r = 0.920; p = 0.027), suggesting that children with less improvement towards knee extension showed a higher increase in hip flexion ([Fig 6](#pone.0192573.g006){ref-type="fig"}).

![Effects of hamstring muscle surgery on gait kinematics.\
Presented data were measured before (Baseline, yellow) and 8--20 months (Medium follow-up, red) after medial hamstring lengthening. In grey the reference data of a group of typically developing children (TD) are presented. Values are mean±standard deviation. MSt = Mid-stance; TSw = Terminal Swing. \*\*p\<0.01; \*p\<0.05.](pone.0192573.g004){#pone.0192573.g004}

![Individual gait kinematics before and after hamstring lengthening surgery.\
Pelvic tilt at mid-stance and terminal swing (A, B), hip angle at mid-stance and terminal swing (C, D) and knee angle at mid-stance and terminal swing (E, F) at baseline and 8--20 months after surgery. Pelvic tilt changed towards more anterior tilt and knee joint was more extended both at mid-stance and terminal swing, while effects on hip angles were variable. The grey area represents the mean and two standard deviations of a group of typically developing children. Note that most of the children used a walking device during gait analysis, which most likely contributed to the anterior pelvic tilt. In addition, during gait analysis three subjects (subjects 3, 4 and 6) walked with different support after surgery than before (see [S3 Table](#pone.0192573.s003){ref-type="supplementary-material"}).](pone.0192573.g005){#pone.0192573.g005}

![Relation between change in knee angle at terminal swing and change in hip angle at terminal swing.\
A: Regression analysis showed a significant relation. The more extended knee joint during terminal swing and the change in hip angle (r = 0.920; p = 0.027), indicating that the children with larger improvements of knee angles (i.e. more extended knee joint) showed larger decreases in hip flexion. B: Typical stick diagram of two subjects for hip and lower leg joint angles before and after surgery. Yellow represents the baseline (pre-surgical) of joint angles and pelvic tilt during terminal swing and red represents medium follow-up. Anterior pelvic tilt increased in both subjects after surgery. In subject 3, hip angle flexion decreased by 10° and knee joint angle towards extension increased substantially (47°), while in subject 6, hip flexion angle increased substantially (i.e. 38°) and knee joint angle towards extension increased only slightly (7°).](pone.0192573.g006){#pone.0192573.g006}

Discussion {#sec017}
==========

This study shows that after medial hamstring lengthening popliteal angle and minimal passive knee joint angle towards extension were both improved. In most subjects, knee moment-angle curves initially showed a shift towards more extended knee angles, while knee ROM between 0 and 4 Nm knee flexion moment increased, but recurred to pre-surgery values at medium-term follow-up. Muscle belly length decreased while tendon length increased and the change in muscle belly length from 0 to 4 Nm decreased. In gait, knee joint angles measured at medium-term follow-up were more extended in mid-stance and terminal swing, but pelvic anterior tilt increased also. There was no consistent change in hip angle. Individual data indicate that less improvement of the knee joint angles towards extension angles during gait correlated with more increase of hip flexion.

Changes in knee joint characteristics and ST morphology {#sec018}
-------------------------------------------------------

The decreased popliteal angle and improved passive knee angle at medium-term follow-up in five of the six subjects were as expected. Also the marked shift towards more extended knee angles measured by knee moment-angle characteristics in four of the six subjects was expected. Medium-term improvement in knee angle could not be shown for subject 1 in whom a major adverse event occurred (see [S1 Table](#pone.0192573.s001){ref-type="supplementary-material"}). Our data and those of previous studies suggest that a more extended knee joint measured by both clinical examination and instrumented hand-held dynamometry can be expected after medial hamstring lengthening \[[@pone.0192573.ref004], [@pone.0192573.ref009], [@pone.0192573.ref011]\], at least when no major adverse events complicate recovery and rehabilitation.

Assuming that the ST largely contributes to the knee extension limitations before surgery \[[@pone.0192573.ref016]\], the improved knee angles towards extension after surgery can theoretically be the result of an increase in ST muscle belly length, which given the parallel fibered architecture of ST implies longer fascicles, and/or an increase in ST tendon length. However, instead of an increase in ST muscle belly length we showed a reduction in muscle belly length. This reduction is most likely due to fascicle shortening by a reduction in the number of sarcomeres in series. A decrease in number of sarcomeres in series after surgery would reduce extensibility of fascicles, which was confirmed by the decrease in muscle belly length change from 0 and 4 Nm. In contrast, ST tendon length was substantially increased, which exceeded the shortening of ST muscle belly length and therefore ST MTU length was increased. It seems that the increased ST tendon length after surgery likely contributed to the increase in knee angle towards knee extension.

At short-term follow-up, the mean slope of the knee moment-angle curve was decreased, suggesting a decrease in stiffness of the structures spanning the knee joint. However, this was only temporary. At medium-term follow-up, there was no difference in slope. As there were no changes in ST muscle belly and tendon lengths back to pre-surgical values, the recurred steeper slope of knee moment-angle curve must be the result of other changes such as (1) length changes of (other surgically) treated muscles (i.e. gracilis and semimembranosus), (2) changes in mechanical properties (i.e. increased stiffness) of hamstring MTUs and/or (3) increased stiffness of extramuscular connective tissue structures (e.g. due to scar tissue formation). Scar tissue of hamstring tendons has also been observed at repeated hamstring lengthening during surgery \[[@pone.0192573.ref009]\]. The formation of scar tissue may counteract the initial decrease in stiffness and may cause the recurrent stiffness at medium-term follow-up.

Effect of surgery on joint position during gait {#sec019}
-----------------------------------------------

After ST lengthening surgery, all children showed improved knee angles in mid-stance and terminal swing during gait, while effects on hip flexion were variable. The magnitude of increase in knee extension in mid-stance is similar to that reported in previous studies \[[@pone.0192573.ref004], [@pone.0192573.ref030]\]. In addition, the effects of surgery on knee angle in terminal swing are similar to those of previous studies \[[@pone.0192573.ref004], [@pone.0192573.ref030]\]. The biarticular ST is maximally stretched in terminal swing with the hip in maximal flexion and the knee extended \[[@pone.0192573.ref031]\]. Therefore, lengthening of the biarticular ST may lead to a reduction in passive resistance of ST against hip flexion and knee extension. In both terminal swing and mid-stance, subjects with larger improvements of knee angles (i.e. more extended knee joint) showed larger decreases in hip flexion (subject 3) or unchanged hip flexion angles (subject 2 and subject 4), while subjects with less improvement in knee angles towards knee extension showed an increase in hip flexion (subjects 5 and 6, [Fig 6](#pone.0192573.g006){ref-type="fig"}). These relations indicate that the effect of medial hamstring lengthening can differ for knee and hip, with a greater change around the knee (i.e. more change towards knee extension) in most children.

The observation that all subjects in the current study showed an increased anterior pelvic tilt after medial hamstring lengthening, was higher (i.e. 100%) than the percentage that has been reported previously (i.e. 43%) \[[@pone.0192573.ref004]\]. During the stance phase of gait, an increased anterior tilt occurs when knee joint angles improve towards extension while hip flexion remains unchanged or is increased. Therefore, a decrease in hip flexion (i.e. a more extended hip) would be necessary to compensate for the effects of increased anterior pelvic tilt due to hamstring lengthening. However, after medial hamstring lengthening, ST may not sufficiently contribute to stabilize the hip during stance, because its capacity to generate active force is likely reduced, due to a decrease of PCSA of ST. Also, walking aids may influence pelvic tilt \[[@pone.0192573.ref032]\]. Three subjects walked with different support during gait analysis after surgery than before (subject 3, subject 4 and subject 6) ([S3 Table](#pone.0192573.s003){ref-type="supplementary-material"}). These three subjects were the only ones with an anterior tilt greater than normal reference values during mid-stance ([Fig 5A](#pone.0192573.g005){ref-type="fig"}). Possibly the change in support affected the pelvic tilt in these subjects in addition to changes in active force generation.

Clinical implications {#sec020}
---------------------

A decrease in muscle belly length of ST after surgical lengthening indicates a decrease in length range of active force exertion of ST, while a decrease in ST muscle PCSA suggests a decrease in its force generating capacity. However, previous research has shown that while after hamstring lengthening strength of knee flexor muscles declined initially, it returned back to pre-surgical values nine months after hamstring lengthening \[[@pone.0192573.ref033]\]. This indicates that other knee extensor and hip flexor muscles (i.e. m. biceps femoris, m. semimembranosus) might compensate for the decrease in PCSA of ST.

Optimal treatment to improve knee angles towards extension in mid-stance should increase knee extension movement and maintain ST muscle belly length as well as PCSA. A longer ST MTU without shortening of muscle belly may be obtained when the ST tendon is lengthened without break-down of of sarcomeres in series. Muscle activation simultaneous with stretch has been suggested to maintain the number of sarcomeres \[[@pone.0192573.ref034]\]. Resistance training \[[@pone.0192573.ref035]\] in joint positions in which muscles are strained and/or active-movement training in a stretched position \[[@pone.0192573.ref036]\] may therefore be required to counterbalance the decrease in muscle belly length and PCSA. In addition, the method of lengthening the ST (Z-lengthening of the tendon vs. tenotomy or aponeurotomy) \[[@pone.0192573.ref037]\] and the magnitude of lengthening may contribute to the extent by which the muscle belly is strained during stretching exercises as well as during daily activities. Compared to aponeurotomy \[[@pone.0192573.ref037]\], Z-lengthening of ST tendon, as performed in the current study, may result in less extension of the muscle belly due to a longer and more compliant distal ST tendon. Experimental aponeurotomy in rat m. gastrocnemius medialis has shown to increase optimum muscle length without a decrease in optimal force \[[@pone.0192573.ref038]\]. Future research should investigate the effects of different lengthening procedures of ST (i.e. z-lengthening of the tendon, (percutaneous) tenotomy and aponeurotomy) on its morphology and relate these to knee joint mechanics, gait and functional outcome in order to improve treatment outcome of SEMLS including medial hamstring lengthening. In addition, different rehabilitation protocols comprising resistance training, stretching and immobilization should be investigated for their effects to counteract atrophy and a shortening of the ST muscle belly. When considering hamstring lengthening surgery to improve gait, it is important to realize the effects that this may have not just on knee kinematics, but also on kinematics of the pelvis and hip. After medial hamstring lengthening, additional treatments to improve hip movement towards extension may be necessary to counterbalance the increased anterior pelvic tilt after medial hamstring lengthening. An increased resistance to stretch of hip flexor muscles (i.e. m. rectus femoris and m. psoas) as well as weakness of hip extensors may contribute to the anterior pelvic tilt. Surgical strategies to reduce hip flexion, such as proximal m. rectus femoris lengthening and/or m. psoas lengthening, have been suggested \[[@pone.0192573.ref039]\], however with variable success \[[@pone.0192573.ref040]--[@pone.0192573.ref042]\]. Note, that none of the children included in the current study were indicated for a hip flexor procedure ([S1 Table](#pone.0192573.s001){ref-type="supplementary-material"}). Next to hip flexor procedures also strengthening of hip extensors \[[@pone.0192573.ref035]\] and abdominal muscles by training may help to reduce the increased anterior tilt after surgery. In addition, the impact of walking devices on pelvic tilt should be considered.

Limitations {#sec021}
-----------

The number of subjects in this study was low, but this was the maximum number that could be included from both medical centers during the inclusion period of 3.5 years. Assessments took about three hours and could only be performed on the days that children had to visit the hospital for preliminary or control examinations for surgery to burden children and their parents as less as possible. Therefore, subjects were not measured at all initially scheduled time points. A larger study group would be needed for more comprehensive conclusions about the effects of medial hamstring lengthening on overall treatment outcome. However effects of z-lengthening of the ST tendon on muscle morphology seem to be quite consistent and can be noticed reliably even in a small group of children as assessed in the current study.

We assessed morphology of only one muscle that was surgically treated, while the whole intervention included procedures on multiple muscles and sometimes bones. Due to the duration of measurements it was not feasible to additionally assess morphology of other muscles (e.g. semimembranosus or gastrocnemius muscle). However, muscles with different morphologies will respond differently to surgical lengthening of the tendon (as described by a modeling approach \[[@pone.0192573.ref043]\]) or to aponeurotomy and these effects should be studied in future as they might influence treatment outcome.

In two of the six children, serious adverse events occurred after surgery. Previous studies have shown that peripheral neurological complications and skin problems (as in the current study), as well as other adverse events (e.g. infection, respiratory problems and pain) occur frequently during or after SEMLS in children with SP \[[@pone.0192573.ref044]--[@pone.0192573.ref047]\]. These adverse events need to be taken into account when SEMLS are indicated and in the interpretation of outcome of surgery.

In the current study two etiologies of SP (i.e. cerebral palsy and hereditary spastic paresis) have been included. Etiology may impact treatment outcome of medial hamstring lengthening, however the sample size was too low to investigate the effect of etiology. Future studies with a larger sample size are warranted to investigate such effects.

The increase in pelvic anterior tilt that we found could also be characteristic for the natural evolution of gait in children with SP. However, studies that longitudinally quantified deterioration in gait of children with cerebral palsy suggest that changes in pelvic tilt and changes in range of pelvic movement in these children are fairly small \[[@pone.0192573.ref048], [@pone.0192573.ref049]\]. Therefore the surgical interventions are likely the major cause of the observed increase in anterior pelvic tilt.

Conclusion {#sec022}
----------

Medial hamstring lengthening leads to a longer ST tendon, but a shorter and smaller ST muscle belly. The longer tendon seems to contribute to a more extended knee joint during static measurement as well as reduced knee flexion in mid-stance and terminal swing during gait. The extensibility of ST muscle belly after surgery is decreased, likely by a shorter muscle belly. Maintaining of muscle belly length and PCSA may improve treatment outcome of medial hamstring lengthening.
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